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PDZ-like Domains Mediate Binding Specificity
in the Clp/Hsp100 Family of Chaperones
and Protease Regulatory Subunits
Although little is known about the molecular mecha-
nism of substrate selection, recent studies indicate that
the specificities of two Clp/Hsp100 enzymes, ClpX and
ClpA, depend on the C-terminal sequences of target
proteins (Laachouch et al., 1996; Levchenko et al., 1997;
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Massachusetts Institute of Technology S. Gottesman et al., personal communication). This
C-terminal specificity has been characterized exten-Cambridge, Massachusetts 02139
sively for the interaction between E. coli ClpX and the
transposase of phage Mu (MuA protein). The chaperone
activity of ClpX plays an essential role in the phageSummary
Mu life cycle by catalyzing the disassembly of stable
transposase-DNA complexes that have completed re-ClpX, a molecular chaperone and the regulatory sub-
combination, thereby allowing the initiation of phageunit of the ClpXP protease, is shown to contain tandem
DNA replication (Mhammedi-Alaoui et al., 1994; Lev-modular domains that bind to the C-terminal sequences
chenko et al., 1995; Kruklitis et al., 1996). MuA trans-of target proteins in a manner that parallels functional
posase is also degraded by ClpXP (Levchenko et al.,specificity. Nuclear magnetic resonance studies show
1995). Mutations in the C-terminal 10 residues of trans-that these C-terminal sequences are displayed as dis-
posase render the protein refractory to disassembly byordered peptides on the surface of otherwise folded
ClpX and resistant to degradation by ClpXP. Moreover,proteins. The ClpX substrate±binding domains are ho-
fusion of these residues from MuA to the C terminus ofmologous to sequences in other Clp/Hsp100 proteins
phage P22 Arc repressor is sufficient to convert thisand are related more distantly to PDZ domains, which
unrelated protein into a substrate for ClpXP (Levchenkoalso mediate C-terminal specific protein±protein inter-
et al., 1997).actions. Conservation of these binding domains indi-
Another example of C-terminal substrate recognitioncates that the mode of substrate recognition charac-
by Clp/Hsp100 proteins has emerged from the studyterized here for ClpX will be a conserved feature
of proteins targeted for proteolytic destruction by theamong Clp/Hsp100 family membersand adistinguishing
ssrA-tagging system. Proteins translated from damagedcharacteristic between this chaperone family and the
mRNAs that lack a stop codon acquire an 11-residue,Hsp70 chaperones.
C-terminal sequence that is added cotranslationally by
the combined tRNA and mRNA activities of ssrA RNAIntroduction
(Tu et al., 1995; Keiler et al., 1996). ssrA-tagged cyto-
plasmic proteins are degraded by ClpXP and ClpAP (S.The Clp/Hsp100 proteins are a recently recognized fam-
Gottesman et al., personal communication), whereasily, widely distributed among prokaryotes and eukary-
ssrA-tagged periplasmic proteins are degraded by theotes, with roles in tolerance to heat stress, protein turn-
C-terminal specific protease Tsp (Keiler et al., 1996).over, DNA replication, control of gene expression, and
A recent sequence homology study reported that Tspthe inheritance of prion-like factors (Tobias et al., 1991;
contains a PDZ domain (Ponting, 1997). PDZ domainsMhammedi-Alaoui et al., 1994; Parsell et al., 1994; Cher-
(also called DHR or GLGF repeats) were initially identi-noff et al., 1995; Vogel et al., 1995; Schweder et al.,
fied as 90 amino±acid repeated motifs in the postsynap-1996; reviewed by Schirmer et al., 1996). Studies of
tic density protein (PSD95) (Cho et al., 1992). RelatedHsp104 from Saccharomyces cerevisiae and ClpX and
PDZ domains occur in numerous eukaryotic signalingClpA from Escherichia coli reveal that these proteins
proteins, where they function to mediate protein±proteinshare a common ring-like subunit architecture and the
interactions by binding to the C-terminal residues ofability to disassemble multimeric or aggregated forms
their partner proteins (reviewed by Fanning and Ander-of certain proteins in an ATP-dependent fashion (Parsell
son, 1996; Harrison, 1996; Saras and Heldin, 1996).et al., 1991, 1994; Wickner et al., 1994; Kessel et al.,
Prompted by the common specificity of Tsp, ClpX, and1995; Levchenko et al., 1995; Wawrzynow et al., 1995;
ClpA for ssrA-tagged proteins, we searched for andreviewed by Schirmer et al., 1996). Manyfamily members
found PDZ-like sequences in ClpX and ClpA. Here, wealso interact with and regulate protease subunits. For
demonstrate that the two PDZ-like repeats from ClpXexample, either ClpX or ClpA can bind to the ClpP pepti-
are autonomous domains that bind specifically to pro-dase, a double-ring protein assembly, to form structures
teins containing theC-terminal residues of MuA transpo-resembling the 26S proteasome (Kessel et al., 1995). In
sase or the ssrA degradation tag. Formation of a bindingthe ClpAP or ClpXP protease complexes, the ATPase
complex between ClpX and the exposed C-terminal resi-subunits are responsible for substrate recognition and
dues of the substrate appears to be the initiating eventappear to use their chaperone activities to present poly-
during substrate selection by ClpX. Homology betweenpeptides to the protease active sites in a conformation
the PDZ-like domains of ClpX and other Clp/Hsp100necessary for degradation.
enzymes suggests that the ClpX mechanism of substrate
recognition is likely to be a common feature among
family members.³To whom correspondence should be addressed.
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Figure 1. MultipleAlignment of Sequences of
PDZ Domains from PSD95, Dlg1, and Tsp
with Sequences from the Clp/Hsp100 Family
Similarities highlighted in gray are shared
among the PDZ domains or between the PDZ
domains and the Clp/Hsp100 proteins. Simi-
larities highlighted by the italicized letters oc-
cur only within the Clp/Hsp100 family; resi-
dues that are similar in at least two of the
shown proteins are italicized. The amino-acid
similarity groups are (R, K, H), (E, D, N, Q), (A,
C, V, I, L, M, F), (S, T), and (F, Y, W). The
secondary structure is from the crystal struc-
ture of the PDZ3 domain of PSD95, and the
triangles mark residue positions in the PDZ3
cocrystal that interact with bound peptide
(Doyle et al., 1996). Swiss Prot accession
numbers for sequences are PSD95 (P31016),
DLG1 (P31007), Tsp (P23865), ClpA (P15716), ClpB (P03815), Hsp104 (P31539), Hsp78 (P33416), Hsp101 (P42730), ClpY (P32168), and ClpX
(P33138). ClpX and ClpY contain two PDZ-like repeats, which we refer to as D1 and D2. The GARPL sequence in aA corresponds to the
C-terminal Clp/Hsp100 signature sequence V, and the region aligned in bD of the ClpY and ClpX D1 repeats corresponds to sequence IV in
the alignments of Schirmer et al. (1996).
Results isolated S-D1-His and S-D2-His fragments displayed
marginal stability. Thus, covalent linkage of the D1 and
D2 sequences appears to be required for formation ofClpX Contains Two Domains with Homology
to PDZ Domains higher-order oligomers and for stable folding.
Homology searches revealed that E. coli ClpX contains
two sequences that are similar to each other and to PDZ-like Domains Bind Specifically to Substrates
with C-terminal Recognition Signalssequences in many other members of the Clp/Hsp100
family, including the bacterial proteins ClpA, ClpB, and The isolated His-C1 protein and intact ClpX bound with
similar efficiencies to Arc-MuA fusion proteins con-ClpY; yeast Hsp78 and Hsp104; and plant Hsp101 (Fig-
ure 1). Pairwise sequence comparisons between these taining 10, 19, 30, and 41 C-terminal residues from MuA
transposase (Figures 3A and 3B). Binding was mea-family members show significant homology. The Clp/
Hsp100 sequences can also be aligned with the PDZ sured using a Western blotting assay, in which the fusion
proteins were immobilized, the filter was incubated withdomains of PSD95, Dlg1, and Tsp (Figure 1). Although
pairwise comparisons between the PDZ domains and ClpX or His-C1 to allow complex formation, and the
presence of the complex was detected using anti-ClpXindividual Clp/Hsp100 sequences have low statistical
significance, the multiple alignment is consistent with antisera (Figure 3B). In contrast to the strong binding
signal detected with fusion proteins carrying the wild-the knownthree-dimensional structures of PDZ domains
from PSD95 and Dlg1 (Cabral et al., 1996; Doyle et al., type C-terminal sequences of MuA, both ClpX and His-
C1 bound poorly to fusion variants lacking the C-termi-1996). In the alignment, insertions and deletions fall in
loop regions of the structures, and many of the con- nal 8 residues of MuA (Arc-MuA41D8) or containing
substitutions near the C terminus (Arc-MuA30-m1). Theserved hydrophobic residues correspond to residues
that are buried in the native structures of the PDZ do- C-terminal residues of MuA are required for ClpX-medi-
ated disassembly (Levchenko et al., 1995; Nakai andmains.
The PDZ-like repeats are immediately adjacent to Kruklitis, 1995). When fused to the P22 Arc repressor,
these C-terminal residues of MuA convert the proteineach other in ClpX and comprise roughly the C-terminal
third of the protein (Figure 2A). To characterize the prop- into a substrate for ClpXP-mediated degradation in a
manner that parallels the binding results reported hereerties of these repeats, we cloned, expressed, and puri-
fied the protein fragments containing these sequences. (Levchenko et al., 1997). Thus, we conclude that the
MuA sequences that signal disassembly and proteolysisIn each case, S-peptide sequences and/or His6 se-
quences were also added to allow affinity purification. are likely to function as binding sites for ClpX. Because
ClpX and the isolated His-C1 fragment bind to the Arc-We refer to the individual PDZ-like repeats of ClpX as
D1 and D2 and to the region containing both repeats MuA fusion proteins with similar efficiencies and speci-
ficities, the C1 domain, with its two PDZ-like repeats,as C1; the tagged protein fragments containing these
sequences are named S-D1-His, S-D2-His, and His-C1, appears to contain the principal determinants from ClpX
responsible for binding these substrates.respectively. Each fragment formed oligomers as as-
sayed by gel filtration; the major His-C1 species corre- Protein fragments containing the individual PDZ-like
repeats of ClpX also bound specifically to Arc-MuAsponds to a hexamer or heptamer, whereas S-D1-His
and S-D2-His seem to chromatograph as mixtures of fusion proteins in Western blots (Figure 3B) and en-
zyme-linked immunosorbent assay (ELISA) experimentsdimers and monomers (Figure 2B). In urea denaturation
experiments monitored by circular dichroism (CD) (Fig- (Figure 4). For ELISA analysis, His-C1, S-D1-His, or
S-D2-His was immobilized in the wells of a microtiterure 2C), the His-C1 fragment unfolded cooperatively, as
expected for a well-folded native protein, whereas the plate and incubated with different concentrations of one
PDZ-like Domains of ClpX
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Arc-MuA30-m1 (Figure 4) or Arc-MuA30-m2, and they
bound Arc-MuA41 more efficiently than Arc-MuA41D8
by factors of 5-fold or more (data not shown). The obser-
vation that the substrate binding efficiencies of S-D1-
His and S-D2-His determined by ELISA were similar to
that of His-C1 shows that covalent linkage of the D1
and D2 domains is not required for efficient substrate
binding.
An Arc fusion protein containing the ssrA degradation
tag at its C terminus (Arc-ssrA) was also bound by S-D1-
His and S-D2-His, but a variant in which the C-terminal
residues of the fusion protein were changed from Ala-
Ala to Asp-Asp (Arc-ssrA-DD) was bound poorly (Figure
5). These results again parallel the known susceptibility
of proteins containing the ssrA degradation tag or the
ssrA-DD tag to degradation by ClpXP (S. Gottesman et
al., personal communication).
Based on the binding results observed in Western
and ELISA assays, we conclude that the two PDZ-like
repeats bind substrate proteins with a C-terminal speci-
ficity that mimics the functional specificity of ClpX-sub-
strate recognition. Because binding occurs in the ab-
sence of ATP, the ATP requirement for ClpX mediated
proteolysis and chaperone activity must be manifest at
a level distinct from substrate binding.
Recognition Signals Function as Exposed Peptides
at the C Terminus of a Folded Protein
The binding experiments presented above suggest that
the C-terminal residues of MuA transposase or the
C-terminal residues of the ssrA degradation tag act as
specific binding sites for ClpX. An alternative possibility,
however, is that these C-terminal sequences destabilizeFigure 2. Organization and Properties of ClpX Domains
the structures of the proteins to which they are attached,(A) Cartoon of the domain organization of E. coli ClpX. The ATPase
thereby allowing recognition of unfolded sequences indomain spans residue 1 to 255, with the approximate locations of
the Walker A and B box consensus sequences labeled as A and B. other regions. One prediction of this destabilization
The SDS gel on the right shows the purified S-D1-His and S-D2-His model is that proteins bearing the C-terminal sequences
fragments. of MuA or the ssrA degradation tag should be less ther-
(B) Gel filtration of His-C1, S-D1-His, and S-D2-His on Superose 6
mally stable than otherwise identical proteins withoutmonitored by A280. The concentrations of each fragment at injection
these sequences. In thermal denaturation experimentswere His-C1 (50 mM), S-D1-His (250 mM), and S-D2-His (285 mM).
monitored by CD (Figure 6A), however, Arc-MuA19 andMolecular weight calibration was performed using gel-filtration
chromatography standards (BioRad) ranging from 670 to 1.35 kDa. Arc-ssrA displayed the same melting profile as an other-
(C) Urea denaturation of His-C1 (2 mM), S-D1-His (5 mM), and S-D2- wise identical Arc control protein lacking these C-termi-
His (5 mM) monitored by changes in CD ellipticity (e) at 222 nm. His- nal sequences. Thus, the MuA and ssrA tags do not act
C1 denatures cooperatively, but S-D1-His and S-D2-His show poor
by a global destabilization mechanism.cooperativity suggesting marginal stability in the absence of urea.
A 1H-15N correlation nuclear magnetic resonance (NMR)The fractional signal change was calculated as (e 2 estart) 4 (eend 2
spectra of Arc-MuA19 showed that the backbone pro-estart) where estart is the ellipticity in the absence of urea and eend is
the ellipticity at 5 M urea. The valuesof estart and eend for each fragment tons from theArc portion of the fusion protein had chem-
were His-C1 (213.0 and 25.3 mdeg); S-D1-His (218.7 and 29.5 ical shifts similar to the corresponding protons in wild-
mdeg); and S-D2-His (218.3 and 29.2 mdeg). The elipticity at 222 type Arc, indicating that the MuA tail has no significant
nm for His-C1 indicated that the protein has an a-helix content of
effect on the Arc structure (data not shown). Indeed,about 16%, compared to a 14% helix content expected from two
previous studies showed that the Arc-MuA fusion pro-tandem PDZ domains.
teins also dimerize and bind operator DNA in a manner
indistinguishable from wild-type Arc (Levchenko et al.,
1997), as expected if these C-terminal extensions doof the Arc-MuA fusion proteins (Arc-MuA30 is shown).
The efficiency of complex formation between the ClpX not influence the equilibrium stabilities or structures of
the proteins to which they are attached.domain and the fusion protein was then quantified by
using anti-Arc antisera. Binding of His-C1, S-D1-His, In contrast to the Arc portion of the Arc-MuA19 fusion
protein, the MuA sequence is largely unstructured. Fig-and S-D2-His to Arc-MuA30 occurred in the absence of
ATP and saturated at substrate concentrations between ure 6B shows an NMR experiment in which proton reso-
nances from structured protein regions were removed0.5 and 2 mM. This binding is C-terminal specific; all
three proteins bound Arc-MuA30 more efficiently than by a transverse±relaxation filtering technique (Campbell
Cell
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Figure 3. Western Blot Assays for the Bind-
ing of ClpX and ClpX Domains to Arc-MuA
Fusion Proteins
(A) Diagram of Arc-MuA fusion proteins con-
taining residues 1±53 of wild-type Arc, a His6
sequence, and C-terminal sequences from
MuA. Numbers on the right represent the
number of MuA residues in the fusion protein;
seven C-terminal residues of each Arc-MuA
fusion are shown.
(B) Binding of ClpX, His-C1, S-D1-His, and
S-D2-His to Arc-MuA fusions assayed by
Western analysis. Arc-MuA fusions, immobi-
lized on nitrocellulose, were probed either
with ClpX, His-C1, S-D1-His or S-D2-His.
ClpX and His-C1 complexes were detected
by using anti-ClpX anti-sera, whereas S-D1-
His and S-D2-His complexes were detected
using S-protein HRP conjugate.
et al., 1975; Weiss et al., 1987). The peaks remaining in two small domains that bind specifically to the C-termi-
nal regions of substrate proteins. Sequence homologythe region shown correspond to aromatic or nitrogen
protons from protein segments that are poorly ordered suggests that the substrate-binding domains of ClpX
are similar to PDZ domains, which also bind to theirand highly mobile. In the filtered spectrum of the Arc
protein without MuA19 sequences, the only major peaks protein partners by interacting with C-terminal residues
(reviewed by Saras and Heldin, 1996). Preliminary resultscorrespond to protons from an unstructured His6 tag
(see Figure 6B legend). By contrast, the Arc-MuA19 also indicate that ClpX mutations that cause defects in
substrate binding correspond to peptide-contact resi-spectrum contains 30±35 additional peaks that are ab-
sent in the control and must therefore arise from resi- dues in the structure-based alignment with PSD95
shown in Figure 1. For example, substitution of E394 indues in the MuA19 tail that are highly mobile. Because
the entire MuA19 tail contains only 38 protons that a-helix B of the D2 domain (Figure 1) to either H or A
results in a 5- to 6-fold lower apparent binding affinitywould resonate in this region of the NMR spectrum, this
tail must be relatively disordered. The mobile character for Arc-MuA fusion proteins without affecting the fold-
ing of S-D2-His (I. L. and T. A. B, unpublished data).of the MuA portion of Arc-MuA19 was also confirmed
by filtered, two-dimensional 1H-15N spectra; protons as- Although structural studies will be required to establish
whether the ClpX substrate±binding domains actuallysigned to the MuA19 tail had T1 relaxation rates 3- to
5-fold slower than protons assigned to the Arc domain have a three-dimensional fold similar to the well-charac-
terized PDZ domains, the biochemical, functional, andas expected for a disordered region (data not shown).
Because the C-terminal sequence tags do not affect sequence similarities described here suggest that this
is a strong possibility.protein stability and have been shown (MuA19) or are
likely (ssrA) to be displayed in relatively disordered con- How does ClpX discriminate between correct and in-
correct substrates? Our experiments show that recogni-formations on otherwise native proteins, we conclude
that these C-terminal sequence tags must be directly tion of appropriate substrates involves the binding of
one or both of the PDZ-like domains of ClpX to specificrecognized by the PDZ-like domains of ClpX. This con-
clusion is further supported by preliminary experiments sequences displayed in relatively disordered conforma-
showing that S-D2-His binds to a synthetic peptide cor- tions at the C termini of target proteins. Thus, good
responding to the 10 C-terminal residues of MuA (data ClpX substrates would need tohave a correct C-terminal
not shown). Binding of the C-terminal residues of MuA sequence, and this sequence would need to be accessi-
to the PDZ-like domains of the ClpX enzyme is therefore ble. The MuA and ssrA C-terminal tags are recognized
an example of peptide±protein recognition in which the by ClpX in the context of MuA, Arc fusion proteins,
substrate-binding determinants are unstructured prior and l-repressor fusion proteins (S. Gottesman et al.,
to formation of the complex (Harrison, 1996). personal communication; I. L. and T. A. B., unpublished
data). This emphasizes that it is the tail sequences,
rather than the proteins to which they are attached, thatDiscussion
are most important for recognition. Additional levels of
substrate discrimination mediated by other factors (e.g.,The ability of intracellular proteases and chaperones
global protein stability) might come into play followingto recognize the proper substrates is critical for their
the initial binding events, but at present no experimentsfunction and for cell viability, yet how such specificity
have been performed to address this issue. It is clear,is achieved is largely unknown. Here, we have identified
however, that the C-terminal MuA and ssrA-tag se-domains that govern substrate recognition by E. coli
quences recognized by ClpX do not function by destabi-ClpX, an enzyme of the Clp/Hsp100 family of ATPases,
lizing or altering the structure of the proteins to whichwhich functions as a disassembly chaperone and the
regulatory subunit of the ClpXP protease. ClpX contains they are attached.
PDZ-like Domains of ClpX
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Figure 5. ELISA Analysis of the Bindingof ClpX Fragments to Fusion
Proteins with ssrA-Tags
(A) Diagram of Arc-ssrA fusion proteins containing residues 1±53 of
wild-type Arc, a His6 sequence, and the 11-residue C-terminal ssrAFigure 4. ELISA Analysis of the Binding of ClpX Fragments to Arc-
tag sequence. Diagram of the Arc-ssrA fusion proteins; sevenMuA Fusion Proteins
C-terminal residues of each fusion are shown.
Binding of His-C1, S-D1-His, and S-D2-His to the Arc-MuA30 and
(B) Binding of S-D1-His (top) and S-D2-His (bottom) to Arc-ssrA andArc-MuA30-m1 proteins assayed by ELISA. His-C1, S-D1-His, and
Arc-ssrA-DD assayed by ELISA. The data points are the averageS-D2-His were immobilized in the wells of an ELISA plate and incu-
from three or four duplicate samples. Arc-ssrA showed some non-bated with the indicated quantities of Arc-MuA30 or Arc-MuA30-
specific binding to the microtiter plate. The S-D1-His and S-D2-m1; complexes were detected by using anti-Arc antisera. The data
His binding data shown has been corrected by subtraction of thispoints are the average from three or four duplicate samples. Due
nonspecific binding; this background was less than 30% of the totalto the nature of the ELISA, the apparent binding affinities measured
signal at each concentration. Due to the nature of the ELISA, theby this assay may not reflect those in solution.
apparent binding affinities measured by this assay may not reflect
those in solution.
Many chaperones and proteases recognize their sub-
strates in a denatured or partially unfolded state. For
structure. Similarly, the biological role of the ssrA tag isexample, hydrophobic regions that would be buried in
to mark any incomplete translation products for proteo-the core of native proteins are critical for recognition of
lytic degradation, regardless of the folded state of thatsubstrates by the Hsp70 protein family (reviewed by
protein (Keiler et al., 1996).RuÈ diger et al., 1997). By contrast, ClpX can bind to
There are currently 11 bacterial or phage proteinsnative proteins containing short C-terminal recognition
thought to be substrates for ClpX. Five of these proteins,signals. Figure 7A illustrates these two modes of recog-
including MuA and ssrA-tagged proteins, have a pair ofnition. The ClpX mechanism may relate to the function
nonpolar residues at the C terminus (Table 1, groupof the Clp/Hsp100 proteins in efficiently disassembling
1), and for most of these proteins mutational evidencemultimeric or aggregated forms of proteins, an ability
implicates their C-terminal residues in ClpX recognition.that distinguishes them from the Hsp60 and Hsp70
We have shown that the PDZ-like domains of ClpX canchaperone families (reviewed by Schirmer et al., 1996).
bind group 1 sequences. Hydrophobic residues at theFor some protein multimers and aggregates, global un-
C terminus are also a hallmark of sequences recognizedfolding may be an exceedingly rare event. For example,
by the best-characterized PDZ domains (reviewed byMuA tetramers are so stable that they are not dissoci-
Saras and Heldin, 1996; Songyang, 1997). Another fiveated by 6 M urea (Surette et al., 1987), and yet these
ClpX target proteins have a C-terminal arginine (Tabletetramers must be disassembled by ClpX during phage
1, group 2), although the importance of the C-terminalMu growth to allow subsequent initiation of phage DNA
sequences of these proteins for ClpX recognition hasreplication (Mhammedi-Alaoui et al., 1994; Levchenko
not been investigated. The remaining substrate, sS,et al., 1995; Kruklitis et al., 1996). As a result, it makes
does not fit in group 1 or 2 (although some similaritiessense that the MuA sequence determinants recognized
by ClpX need to be exposed in the native tetrameric with group 2 sequences are evident). It will be important
Cell
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Figure 7. Models of Binding and Disassembly Activity
(A) Substrate recognition by the ClpX chaperone and the Hsp70
chaperones. ClpX binds specific sequences exposed at the C-termi-
nal end of a folded multimeric substrate protein. In contrast, Hsp70
chaperones bind to sites carrying four consecutive hydrophobic
residues, which would normally be buried in the protein core. TheseFigure 6. Biophysical Characterization of Substrate Proteins
sites must be exposed by unfolding of the substrate prior to chaper-(Top) Thermal denaturation. Arc-MuA19 (9.8 mM) and Arc-ssrA (9.5
one binding (reviewed by RuÈ diger et al., 1997).mM) have the same equilibrium thermal stability as Arc-His6 (9.6 mM),
(B) Possible mechanism of ClpX-mediated disassembly of a multi-a control protein that lacks the MuA or ssrA recognition tags but is
meric substrate protein.otherwise identical. Thermal unfolding was monitored by CD ellip-
ticity at 222 nm. The fractional signal change was calculated as (e 2
eend) 4 (estart 2 eend), where estart is the ellipticity at 158C and eend is the that a mutation in just one domain prevents ClpX-medi-ellipticity at 938C.
ated disassembly of MuA (I. L. and T. A. B., unpublished(Bottom) Filtered one-dimensional 1H NMR spectra (Campbell et al.,
data), arguing against this model. An alternative possi-1975; Weiss et al., 1987) showing aromatic and nitrogen protons
from highly mobile regions of Arc-MuA19 and Arc-His6, a control bility is that the two PDZ-like repeats have related sub-
variant lacking the MuA19 tail. The major peaks in the top spectra strate-binding preferences but serve different functions
have been assigned as C2 and C4 proton resonances from the during the reaction cycle of ClpX. One domain might
His6 tag because of their chemical shifts and the finding that these initially tether the substrate, whereas the seconddomainresonances are observed in D2O, absent in Arc variants without His
might couple substrate binding to ATP hydrolysis. Be-tags, and present in Arc-MuA19, which also has a His6 sequence.
cause ClpX functions to disassemble protein multimers,Most of the Arc-MuA19-specific resonances appear to be highly
mobile, whereas only the His-tag resonances are highly mobile in multivalent substrate binding may be a critical aspect
Arc-His6. Spectra were collected at 258C in 50 mM sodium phos- of its catalytic function. For example, ClpX-mediated
phate (pH 4.78) using a protein concentration of 4±5 mM. disassembly of MuA tetramers appears to require that a
minimum of two subunits carry the wild-type C-terminal
peptide (I. L. and T. A. B, unpublished data). One simple
to determine if the C-terminal sequences of the non- model of ClpX action is that the D1 domain binds to the
group 1 proteins are also recognized by the PDZ-like C-terminal peptide of one MuA subunit, the D2 domain
domains of ClpX. binds to the C-terminal peptide of another subunit, and
Why does ClpX have two substrate-binding domains? then a conformational change driven by ATP binding or
Modular arrangements of PDZ domains with different hydrolysis changes the orientation of the two domains,
binding specificities have been described in several pro- helping to pull the MuA subunits apart (Figure 7B). Be-
teins (Irie et al., 1997; Tsunoda et al., 1997). By this cause ClpX and other family members function as hex-
model, the two ClpX domains might bind distinct sets americ or heptameric rings, there are obviously many
of C-terminal peptide sequences, and/or one might in- different ways in which multivalent substrate binding
teract with internal peptide sequences, as has been could be achieved.
reported for some PDZ domains (Shieh and Zhu, 1996). Sequence homologies between the substrate-binding
Although we can not rule out these models for all sub- domains of ClpX and other Clp/Hsp100 chaperones and
strates, our studies do show that the D1 and D2 domains protease regulatory subunits suggest that the mecha-
of ClpX have overlapping binding selectivities for the nism of substrate recognition used by ClpX will be wide-
MuA and ssrA sequences. Are the two PDZ-like domains spread among other family members. Because ssrA-
tagged proteins are degraded, for example, by bothof ClpX redundant? Preliminary experiments suggest
PDZ-like Domains of ClpX
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Table 1. C-Terminal Residues of Known or Suspected ClpX Substrates
Group 1
MuA transposase L E Q N R R K K A I COOH
ssrA tag A N D E N Y A L A A COOH
Mu repressor Q E P Q E V K K A V COOH
Mu repressor vir 3061 S M G F M N R K V L COOH
CtrA of Caulobacter R D P N E Q V N A A COOH
Group 2
lO protein S T T K S R R Y S R COOH
UmuD9 V V I H V V K A M R COOH
Mu repressor vir3060 V V V P F R N H R R COOH
TrfA V N D D L V H C K R COOH
P1 Phd D S T N K E L V N R COOH
Group 29 Q G L N I E A L F R E COOH
Sigma S
Residues in bold are similar in three or more substrates in each group. The underlined residues have been mutated, with a resulting inhibitory
effect on ClpXP degradation, ClpX-dependent degradation, or ClpX binding. The accession numbers for these sequences are: MuAÐP07636,
Mu repressorÐP06019, CtrAÐU39559, lOÐP03688, UmuDÐP04153, TrfAÐP07676, P1 PhdÐQ06253, and SigmaSÐP13445. The Mu vir
repressor sequences are from Geuskens et al., 1991; the ssrA-tag sequence is from Tu et al., 1995. References suggesting that these proteins
are substrates of ClpX are as follows: MuA transposase (Mhammedi-Alaoui et al., 1994; Levchenko et al., 1995; Kruklitis et al., 1996); Mu
repressor and vir repressors (Geuskens et al., 1992; Laachouch et al., 1996; Welty et al., 1997); CtrA (Domian et al., 1997); lO protein (Wojtkowiak
et al., 1993; Gottesman et al., 1993); TrfA (Konieczny and Helinski, personal communication); P1 Phd (Lehnherr and Yarmolinsky, 1995); UmuD9
(Frank et al., 1996); and ssrA-tagged proteins (S. Gottesman et al., personal communication).
into the KpnI-XhoI sites of pET29b, resulting in a construct (S-D1-ClpXP and ClpAP, it is extremely likely that the homolo-
His) with the N-terminal S-tag MKQTAAAKPFERQHMD SPDLGTgous PDZ-like domain of ClpA (Figure 1) also functions
fused to ClpX residues Gly249 to Asp347, followed by the C-terminalto bind the C-terminal ssrA-tag sequence. Likewise,
His-tag LGH6. Plasmid pET29b-S-D2-His contains nucleotides 981±
ClpY, the ATP-regulatory subunit of the ClpYQ (HslUV) 1272 of the ClpX coding region cloned into the KpnI-XhoI sites of
protease, contains tandem PDZ-like repeats that are pET29b; the resulting protein (S-D2-His) contains the N-terminal
S-tag fused to ClpX residues Lys327 to Glu424, followed by thehighly homologous to both the D1 and D2 domains of
C-terminal His-tag. Plasmids pET3a-ArcMuAm2, pET3a-Arc-ssrA,ClpX (Figure 1). ClpY interacts with ClpQ (HslV), a prote-
and pET3a-Arc-ssrA-DD were constructed analogously to pET3a-ase subunit with the same three-dimensional fold as the
ArcMuA41 (Levchenko et al., 1997).
b-type subunits of eukaryotic proteasomes (Bochtler et
al., 1997). By analogy, it is an attractive possibility that
some of the ATP±dependent regulatory subunits of the Proteins
His-tagged ClpX, Arc-MuA, and Arc-ssrA fusion proteins were puri-eukaryotic 26S proteasome will contain substrate-bind-
fied from E. coli strain HMS174 pLysS (Novagen) containing overex-ing domains that function in a fashion similar to the
pressing plasmids as described previously (Milla et al., 1993; Lev-PDZ-like domains of ClpX. Identification of the sub-
chenko et al., 1997). The His-C1, S-D1-His, and S-D2-His proteins
strate-binding domains of Clp/Hsp100 proteins will aid were purified from E. coli strain HMS174 pLysS containing pET14b-
investigation of substrate specificity and the mechanism His-C1, pET29b-S-D1-His, or pET29b-S-D2-His using the spermi-
by which binding leads to disassembly of protein multi- dine heat-lysis procedure described previously (Baker et al., 1993)
with the exception that DTT was omitted from the lysis buffer, themers and proteolysis. Identifying the sequences selec-
concentration of the EDTA was 0.1 mM, and 6 mM imidazole wastively bound by the PDZ-like regions of Clp/Hsp100
added. His-tagged proteins from the supernatant were purified overfamily members may also help to identify biologically
Ni-NTA-agarose (Qiagen) under native conditions according to man-
relevant interaction partners that carry these sequences. ufacturer's recommendations. Purified proteins were greater than
Finally, because substrate binding by the Clp/Hsp100 95% pure, as determined by Coomassie blue staining after SDS-
family appears to be modulated by autonomous domains, polyacrylamide gel electrophoresis.
it may be possible to design proteases and chaperones
with novel substrate specificities by modifying or substi-
Western Blotting
tuting these recognition domains. Arc-MuA fusion proteins (1 mg) were run on Tris-tricine SDS- poly-
acrylamide gel electrophoresis and transferred to nitrocellulose
(Schleicher and Schuell BA85) by electroblotting. Transfer of theExperimental Procedures
Arc-MuA proteins to nitrocellulose was monitored by staining of the
control filter with Coomassie blue. Filters were washed with 15 mlDNA
Plasmids pET14b-His-C1, pET29b-S-D1-His, and pET29b-S-D2-His of TBST buffer (10 mM Tris-HCl [pH 7.2], 150 mM NaCl, 0.1% Tween
20) for 1 hr (all incubations were performed at room temperature),were constructed by PCR subcloning of the C-terminal portion of
the ClpX gene from pET14b-ClpX (Levchenko et al., 1997) into followed by incubation with 5.5 mg of ClpX or His-C1 in 3 ml of
TBSTM (TBST supplemented with 0.1% nonfat dry milk [Carnation])appropriate expression vectors. Plasmid pET14b-His-C1 contains
nucleotides 768±1272 of the ClpX coding region, cloned into the overnight with gentle shaking. Filters were washed twice with TBST
for 5 min each, followed by incubation with anti-ClpX rabbit poly-NdeI-BamHI sitesof pET14b (Novagen), resulting in a construct (His-
C1) with the N-terminal His-tag sequence MGSSH6SSGLVPRGSHM clonal antibody in 15 ml of TBST for 1 hr. Immunocomplexes were
developed by using HRP conjugated goat anti-rabbit antibody, fol-fused to ClpX residues Asp255 to Glu424. Plasmid pET29b-S-D1-His
contains nucleotides 747±1041 of the ClpX coding region, cloned lowed by enhanced chemiluminescence (Amersham). S-D1-His and
Cell
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S-D2-His were detected using the S´Tag HRP chemiluminescent Medical Institute, and T. A. B. is a recipient of a National Science
Foundation Young Investigator Award.Western blot kit (Novagen) instead of anti-ClpX antibody.
ELISA Received October 15, 1997; revised November 11, 1997.
For indirect ELISA, 8 mg of His-C1, S-D1-His, or S-D2-His were
immobilized in 96-well microtiter plates (Corning) by overnight incu- References
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